INTRODUCTION
The frequency selectivity of the basilar membrane (indicated by the shape of the tuning curve measured at fixed positions) for low-level sound stimuli is extremely high, but rapidly declines with the death of an animal (Rhode, 1971 (Rhode, , 1973 (Rhode, , 1978 Seilick et aL, 1982) . It is likely in live animals that such selectivity is produced by an active process requiring energy (scc Davis, 1983) . The active process is hypothesized to modify or amplify the local mechanical response of the cochlea. Isolated cochlear outer hair cells (OHC) from the mammalian cochlea have been shown to exhibit voltagedependent length changes (Brownell et al., 1985; Ashmore, 1987) . Because of this ability, OHCs are thought to be part of the active process. Hubbard and Mountain (1983) and Mountain etal. (1983) have shown that intracochlear electrical stimulation produces pressure, measurable at the eardrum. This pressure, termed the electrically evoked otoacoustic emission, may be generated by the motion of the OHCs, thus reflecting the active process. Recently Xue et al. (1993b) measured basilar membrane motion, also evoked by sinusoidal current injected into the scala media. He compared and showed similarities between the electrically evoked emission and the electrically evoked basilar membrane motion measurements for various frequencies in the same cochlea. Measurements of the electrically evoked emission and the electrically evoked basilar membrane motion were consistent with the hypothesis that OHC voltage-dependent length changes are responsible for basilar membrane motion. By studying the cochlea's ability to produce acoustic responses to electrical current stimuli, we can explore the electromotility present in the intact cochlea. Mountain and Hubbard (1989) reported that the frequency response of the electrically evoked emissions depended on the location of the stimulating electrode. They showed that for current injected into the first and second turns of the gerbil, the cutoff frequency for the emission was approximately two octaves below the estimated CF. More recently, Murata et al. (1991) reported similar electrically evoked emission-magnitude frequency responses with lowpass characteristics. They found that cutoff frequencies in the second and third turns of the guinea pig were close to the estimated CF of the electrode location.
The difference in cutoff frequency may be attributable, all or in part, to species differences, cochlear condition, acoustic lead, or stimulation technique. To extend our knowledge of electrically evoked emissions in the gerbil as well as addressing the source of the differences in these two reports, wc have measured the emission magnitude and phase produced by the current delivered to the second and third turns of the gerbil under varying circumstances. Measurements were made with differing acoustic loads, as well as before and immediately after the death of the animal. We carefully monitored cochlear condition and minimized potential artifacts.
(a) I. METHODS
The experiments were performed on young adult Mongolian gerbils, Meriones unguiculatus, ranging in weight from 38-59 g. Each animal was initially given a preanesthetic, acepromazine (I mg/kg), delivered intramuscularly, followed with sodium pentobarbital (Nembutal, 60 mg/kgL intraperitoneally. Supplemental sodium pentobarbital (12 mg/kg) was administered approximately every 20 to 30 min. The temperature of the gerbil was maintained at 38 øC. The pinnae were removed and a tracheotomy was performed. The gerbil's head was firmly secured with cyanoacrylate glue to a stereotaxic head holder. The ventro-latcral aspect of the left bulla was exposed and then opened to allow access Io the round window and the second or third turn of the cochlea.
After the area surrounding the bony ear-canal opening was cleared and dried, the ear bar was glued to the ear-canal opening. Several steps were taken to ensure that the measurements of the electrically evoked emissions were free of artifacts. Electrical isolation had to be achieved at all locations between the stimulus signal and the equipment used to measure the emission. A check for electrical isolation between the probe tube and the ear bar was made approximately every hour during an experiment using an ohmmeter. To check for capacitive coupling between the stimulus system and the probe-tube microphone, we made a "surface" recording which measured the acoustic response to current stimulation with the microelectrode tip positioned on the surface of the bulla. In this case the current passed through the animal, but not the sensory hair cells within the cochlea. In addition, a "noise" recording was made by obtaining a frequency response without electrical stimulus signals. For the data reported here, the surface recordings were at the noise level.
For some electrically evoked emission measurements, we used a "blocked" ear-bar configuration: the earphone with its tubing was removed from the ear bar and the opening at the ear bar was blocked with a tight-fitting plasticcoated metal plug. After the earphone and tubing were removed and the ear bar blocked, the volume of the acoustic system was reduced from a volume of 0.75 to 0.03 cm 3.
Previous studies have noted effects of the acoustic load on the acoustically evoked distortion product emissions in the cat (Matthews, 1983; Fahey and Allen, 1985) and human (Zwicker, 1990) . Reducing the volume of the acoustic load from the connected-earphone (unblocked) to the blocked ear bar affected the electrically evoked emission frequency response significantly (Fig. 2) If the low-frequency linear regression lines in Fig. 5 are extrapolated to the y-axis, the y-intercepts of the lines give us predictions for the phases at very low frequencies. The average y-intercept was 22ñ42.7 deg for low-frequency turn-3 slope and 32ñ12.1 deg for the turn-2 slope.
B. The effect of death
Overdose with sodium pentobarbital resulted in death, defined for our purposes as cardiac arrest accompanied by the rapid decrease in EP in the scala media from approximately 90 to -10 reV. The magnitude and phase of electrically evoked emissions changed considerably after the death of the animal, and eventually the emission magnitude fell to the noise level. The CM magnitude also decreased after the death of the animal. In addition, Murata et al.'s experimental procedure differed from ours in several ways which could account for the differences in results. They used current levels of 20 to 100 /zA while we used 10 to 15 /.tA. We have preliminary data which indicate that the emission frequency response can be altered by high current levels. The impedance of their acoustic system was likely different from ours. As we have shown in Fig. 2 , differences in acoustic-system impedance can have a significant effect in the emission frequency response. In addition, they could not monitor cochlear condition with EP measurements because they used a metal electrode. In our experience, emissions obtained from high-EP cochleas differed greatly from low-EP cochleas (Nakajima, 1991 Other investigators have studied otoacoustic emissions with compromised cochleas. The acoustically evoked distortion products in the gerbil have been shown to persist up to 2 h after death from anoxia (Schmiedt and Adams, 1981) . They found that the cubic difference tone (2f]-f 2) decreases initially, then recovers to approximately the normal magnitude. The difference tone (f2--fl) was found to actually increase over 10 dB after anoxia. Both types of distortion products were found to decrease after 30 min following anoxia. However, Kemp and Brown (1984) found gerbil cubic difference distortion product emissions (2fl--f2) to decline 5 to 10 rain after death. Schmiedt (1986) Knowledge of the electrically evoked otoacoustic emission phase responses in the blocked ear-bar case allows us to infer the polarity of pressure changes within the cochlea due to electrical stimulation. The average y-intercept for the emission phase versus frequency plot was near 0 ø with respect to condensation. For low frequencies, we expect that the pressure measured at the tympanic membrane is proportional to the pressure in the scala vestibuli. This suggests that when a positive current is injected into the scala media, the OHC mechanical response results in a positive pressure in the scala vestibuli at the stapes.
The middle ear could introduce a phase shift between the pressure in the scala vestibuli and the pressure measured at the tympanic membrane if the impedance looking into the acoustic system from the ear canal is comparable to, or lower than, the impedance of the middle ear. Such appears to be the case with the unblocked ear bar (Fig. 2) in which a relative phase lead is seen for frequencies below 500 Hz. When the impedance of the acoustic system is significantly increased (blocked ear bar), then the phase lead is reduced by 130 ø-180 ø. If we assume that the phase of the scala vestibuli pressure remains unchanged, then these results suggest that the blocked ear-bar configuration significantly reduces the phase shift introduced by the middle ear.
A similar phase lead can also be seen in the data of Xue et al. (1993b) who used an acoustic system very similar to our unblocked system. They compared electrically evoked basilar membrane motion in the hook region to the electrically evoked emission and found that below 700 Hz the emission could exhibit as much as 200 ø lead with respect to basilar membrane velocity. This phase shift introduced by the middle ear appears to be important only at low frequencies, since they found that from 700 Hz to 10 kHz both the magnitude and the phase of the emission matched that of the basilar membrane velocity if the emission data were corrected for a 49-/zs travel time to the probe-tube microphone.
The group delays and low-frequency intercepts in the present study are based on phase data measured with the high-impedance system. With this system the phase shifts introduced by the middle ear should be quite small and would not be expected to influence the group delay estimates. The middle ear effect may, however, explain the small phase lead observed in the low-frequency intercept.
Both Otoacoustic emissions, electrically evoked from both turn 2 and turn 3 of the gerbil cochlea, (i) have a complex frequency dependence, and (ii) seem to emerge from the co-chlea with two distinct group delays. Both of these features vary with the stimulation site, but are consistent between animals. The group delays for the reverse traveling wave that correspond to the most robust electrically evoked emissions for each turn are longer (by at least a factor of two) than the delays that have been measured by others for the acoustically evoked forward traveling wave. The existence of two significant propagation modes in the cochlea would pose a major challenge to most existing theories of cochlear function.
